In this study we have compared the immune response of normal human cells cultured in vitro to two virulent strains of Leishmania major (CC1 and LV39), and to an avirulent vaccine strain (dhfr-ts À ) made by targeted deletion of the essential gene DHFR-TS. We utilized an in vitro system in which naive T cells from normal human donors were primed with autologous Leishmania-infected macrophages. All three parasites infected macrophages and transformed into amastigotes within the cells. However, whereas LV39 and CC1 replicated in macrophages, dhfr-ts À did not. When peripheral blood lymphocytes (PBL) were stimulated with autologous macrophages infected with any of the three parasites, the lymphocytes produced a type-1-biased cytokine response. Finally, addition of IL-12 during the ®rst stimulation period increased the production of interferon-gamma but decreased IL-5 secretion. On the other hand, anti-IL-12 resulted in the opposite effect.
INTRODUCTION
Protozoan parasites of the genus Leishmania reside within macrophages, causing a spectrum of diseases in humans ranging from mild cutaneous to lethal visceral leishmaniasis. Cell-mediated immune responses are critical to resistance and recovery from leishmaniasis [1] .
Cytokines are central elements in the development of an immune response, and in both human and experimental leishmaniasis they have received a great deal of attention. Cure is related to the predominance of a Th1 response, since this leads to the production of interferon-gamma (IFN-g) and activation of parasite-infected macrophages [2] . In contrast, a Th2 response with the production of IL-4 and IL-10 often results in disease progression [2] . Efforts have focused on understanding the early events that in¯uence the development of Th1 or Th2 cells and the interplay of several cytokines in this phenomenon in order to determine their role in Th development.
In patients infected with Leishmania, it is dif®cult to estimate the time of initial infection. As a result one cannot study early interactions that occur between the parasite and host. An alternative method for studying these interactions is to use an in vitro system that mimics in vivo infection. Shankar & Titus [3] developed an in vitro system using cells from lymphoid tissues of naive mice and L. major promastigotes and showed that this system mimicked in vivo responses in murine leishmaniasis. Therefore, in this report we developed an in vitro cell priming system (IV) using peripheral blood mononuclear cells (PBMC) from normal donors in an assay in which naive peripheral blood lymphocytes (PBL) were sensitized with autologous Leishmania-infected macrophages.
Recently, Titus et al. [4] tested the safety and vaccination potential of a conditional auxotroph of L. major (dhfr-ts À ) produced by targeted deletion of an essential metabolic gene, DHFR-TS (dihydrofolate reductase-thymidylate synthase). It was shown that dhfr-ts À was engulfed by murine macrophages, transformed into amastigotes within macrophages, survived in mice for 2 months and elicited a substantial protective immune response in susceptible BALB/c mice, as indicated by resistance to a subsequent challenge with virulent parasites [4] . In addition, Veras et al. (5) have observed that mice vaccinated with dhfr-ts À were partially protected against a subsequent challenge with L. amazonensis. Therefore, we also studied the capacity of dhfr-ts À to sensitize PBL in our IV system.
MATERIALS AND METHODS

Parasites
Three different types of Leishmania were used in this study: dhfr-ts À (line E-10), an avirulent form of L. major, produced by targeted deletion of an essential metabolic gene DHFR-TS (dihydrofolate reductase-thymidylate synthase [3] ); CC1, an attenuated clone of L. major from which dhfr-ts À was derived; and clone 5 of the LV 39 line Rho/SV/59/P, a virulent clone of L. major which was passed through mice every 2 weeks to maintain virulence. When used for in vitro experiments, Leishmania were grown on biphasic NNN medium [6] and the promastigotes were harvested in the stationary phase of growth. Because dhfrt-ts À lack the DFHR-TS gene, it is a conditional auxotroph and thus was cultured in the presence of 10 mg/ml thymidine.
Survival of Leishmania in macrophages in vitro
In order to test the ability of dhfr-ts À to survive in human macrophages in vitro, the cells were adhered to glass coverslips in culture for 7 days and infected with either dhfr-ts À , CC1 or LV39 at a ratio of ®ve parasites to one macrophage. The coverslips were removed at intervals thereafter (24, 48 and 72 h), stained with Diff-Quick (Scienti®c Products, McGaw, IL) and examined by light microscopy for the presence of intracellular parasites.
Cytokines and monoclonal antibodies
Recombinant human IL-12 (supplied by the Bioanalytical Sciences Department of Genetics Institute, Inc., Cambridge, MA) was used at a concentration of 2´5 mg/ml. Anti-human IL-12 (clone 8.6; PharMingen, San Diego, CA) was used at a concentration of 10 mg/ml.
IV system
The two-step IV assay used in this study is depicted in Fig. 1 . From blood collection 1 we obtained the macrophages which served as antigen-presenting cells (APC). Human blood was obtained from healthy individuals at the Student Health Center of Colorado State University. PBMC were obtained from heparinized venous blood by passage over Ficoll±Hypaque gradient [7] . The cells were then washed and resuspended in RPMI 1640 medium, supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 10 mg/ml gentamycin and 10% heat-inactivated AB human serum (Pel-Freez; Clynical System, Brown Deer, WI), termed complete medium, at a concentration of 4´10 6 cells/ml. These cells were plated in 24-well plates (Costar, Corning Inc., Corning, NY) and incubated for 2 h at 378C, 5% CO 2 . Non-adherent cells were removed from the plates and adherent cells (APC-1, Fig. 1 ) were cultured (378C, 5% CO 2 ) in complete medium for 7 days. During the last 24 h of culture, APC-1 were infected with dhfr-ts À , CC1 or LV39 at a parasite:cell ratio of 5:1 (348C, 5% CO 2 ). Cultures were then washed in order to remove free parasites.
Next, blood was collected from the same volunteer (day 7, Fig. 1 ) and PBMC were plated at 4´10 6 cells/ml in 24-well plates in order to obtain autologous lymphocytes (non-adherent PBMC) and APC for restimulation (adherent cells, APC-2, Fig. 1 ). After 2 h of incubation (378C, 5% CO 2 ), non-adherent PBMC were harvested and resuspended in complete medium at a concentration of 4´10 6 cells/ml. These cells were added to Leishmania-infected APC-1 for 7 days at 378C, 5% CO 2 . After this incubation, the blast cells which were 85% CD4 T cells were harvested and restimulated using autologous Leishmania-infected macrophages (infected APC-2, Fig. 1 ) for 48 h at 378C, 5% CO 2 . The supernatants were collected and kept at À208C until tested for cytokine content by ELISA. Experimental approach used in the in vitro cell priming system (IV) assays. From blood collection 1 APC-1 were obtained, which were infected after 6 days with the different types of Leishmania used in this study. From blood collection 2 autologous non-adherent peripheral blood mononuclear cells (PBMC) were obtained which were incubated with infected APC-1 for 7 days to generate T cell blasts and APC-2 which were used for restimulation. Twenty-four hours before harvesting the blast cells (i.e. day 13), APC-2 were infected with the different types of Leishmania. On day 14 of the experiment, the blast cells were collected and incubated with infected APC-2 for 48 h. The supernatants were obtained from these cultures and analysed for the levels of IFN-g and IL-5.
Cytokine assays Levels of IFN-g and IL-5 present in supernatants harvested 48 h after the restimulation were determined using commercial ELISA kits (R&D Systems, Minneapolis, MN). IL-12 levels were also quanti®ed in 24, 48 or 96 h supernatants harvested from infected and uninfected macrophage cultures using immunoassay kits (R&D Systems) speci®c for IL-12 p40 and p70 subunits. In some experiments the supernatants obtained after the ®rst period of stimulation (7 days of culture in the presence of infected macrophages and PBL) were harvested and the amount of IFN-g, IL-5 and IL-12 present in these supernatants was determined by ELISA.
Statistical analysis
Comparisons of the production of cytokines, using different types of Leishmania, were determined using an ANOVA test. Comparisons in the same group (to test the effect of cytokine and anti-cytokine treatment) made use of Student's t-test. All tests were performed using Sigma-Stat software (Microsoft System). Differences were considered signi®cant at P # 0´05.
RESULTS
Inability of dhfr-ts
À to replicate in macrophages in vitro It has been shown that dhfr-ts À was not able to replicate in murine macrophages [3] . Therefore, we tested whether these parasites would replicate in human macrophages in vitro. We infected human macrophages, obtained from normal human donors, with either dhfr-ts À , CC1 or LV39 at a ratio of ®ve parasites to one macrophage. All types of parasites were phagocytized by macrophages in the ®rst 24 h (Fig. 2) . Beyond 24 h, virulent Leishmania replicated as amastigotes within macrophages (Fig. 2) . In contrast, dhfr-ts À did not replicate. To con®rm that the inability of dhfr-ts À to survive in the macrophage was due to the lack of DHFR-TS, we added thymidine (10 mg/ml) to the medium; this restored both survival and replication (Fig. 2) .
Cytokine production
Using the IV assay depicted in Fig. 1 , the production of IFN-g and IL-5 was quanti®ed, since these cytokines are considered representative of Th1 and Th2 responses, respectively [1] . In initial
Studies in leishmaniasis using a human in vitro system 301 experiments we also attempted to measure IL-4 production in the cultures, but IL-4 could not be consistently detected, presumably because of consumption of the cytokine by proliferating cells. Figure 3 shows the concentration of IFN-g and IL-5 obtained using Leishmania-infected adherent cells (APC) and autologous nonadherent cells. All types of parasites were able to induce the production of IFN-g and no signi®cant differences were observed between the responses generated using dhfr-ts À , CC1 or L. major (P > 0´05). No signi®cant differences were observed also concerning the production of IL-5, but the PBMC from some donors did not produce this cytokine during the IV assay. Based on these results we conclude that most of the donors (6/10) used in this study secreted high amounts of IFN-g, but IL-5 production was practically non-detectable (< 10 pg/ml). Thus, cells from these donors produced predominantly type-1 cytokines. However, three donors produced IL-5 in signi®cant amounts in addition to IFN-g, which is characteristic of a Th0 response. One of the donors was considered a non-secretor, because the amount of IFN-g and IL-5 produced was very low. It should be noted that the pro®le of cytokines observed was not altered when the supernatants were harvested after 7 days of culture using Leishmania-infected APC-1 or 48 h after the second stimulation using infected APC-2 (data not shown).
Importance of IL-12 in the generation of Th1 responses IL-12 has received a great deal of attention in leishmaniasis, being responsible for the development of a Th1 response. Therefore, we determined whether IL-12 was produced in our IV system. We infected macrophages with either dhfr-ts À , CC1 or LV 39 and collected supernatants of the cultures 24, 48 or 96 h later. We could not detect IL-12 in any of these cultures (data not shown). However, when autologous PBL were cultured with Leishmaniainfected macrophages for 7 days, IL-12 was produced (Fig. 4) . No signi®cant differences in IL-12 secretion were observed between the different groups infected with dhfr-ts À , CC1 or LV39 (P > 0´05). In order to determine the importance of IL-12 in the development of a Th1 response in our IV system, cultures were initiated in the presence or absence of recombinant human IL-12 or antihuman IL-12. The cytokine or antibody was added to cultures during the ®rst stimulation of PBL, using infected macrophages as APC. After the primary stimulation, the blasts were harvested and restimulated with autologous infected macrophages as APC in the absence of either IL-12 or anti-IL-12. As shown in Fig. 5 , IL-12 signi®cantly increased the production of IFN-g (P < 0´05) from cells of six donors tested (Fig. 5a ). On the other hand, this cytokine led to a signi®cant decrease (P < 0´05) in the secretion of IL-5 to levels that were non-detectable (Fig. 5b) . , CC1 or LV39 at a ratio of ®ve parasites to one macrophage. After washing to remove free parasites, autologous non-adherent PBMC were added to the cultures and incubated for 7 days at 378C, 5% CO 2 . At this point the supernatants were harvested and IL-12 levels were determined by an ELISA speci®c for the p40 and p70 subunits of IL-12. Concentrations of IL-12 produced in cultures with uninfected macrophages have been subtracted. The levels of IL-12 obtained from cultures with uninfected macrophages were between 9´0 and 70´0 pg/ml. There were no signi®cant differences (P > 0´05) between the different groups infected with dhfr-ts À , CC1or LV39. with autologous Leishmania-infected macrophages from normal human donors. Non-adherent PBMC from six different donors were exposed to autologous dhfr-ts À -infected macrophages for 7 days in the presence or absence of IL-12, and after this period the blast cells were restimulated with autologous dhfr-ts À -infected macrophages for 48 h. The supernatants were then collected and IFN-g and IL-5 levels were determined by ELISA. The differences between the two groups of treatment (absence or presence of IL-12) are statistically signi®cant (P < 0´05) concerning the secretion of IFN-g and IL-5. Fig. 6 . Effect of anti-IL-12 on IFN-g (a) and IL-5 (b) production obtained after stimulation of non-adherent peripheral blood mononuclear cells (PBMC) with autologous Leishmania-infected macrophages from normal human donors. Non-adherent PBMC from ®ve different donors were exposed to autologous dhfr-ts À -infected macrophages for 7 days in the presence or absence of anti-IL-12, and, after this period the blast cells were restimulated with autologous dhfr-ts À -infected macrophages for 48 h. The supernatants were then collected and IFN-g and IL-5 levels were determined by ELISA. There are signi®cant differences (P < 0´05) between the two groups of treatment (absence or presence of anti-IL-12) concerning the production of IFN-g and IL-5.
The role of endogenous IL-12 was also examined using anti-IL-12 during the ®rst stimulation of PBL. As shown in Fig. 6 , the presence of anti-IL-12 during the primary stimulation led to a signi®cant decrease in the production of IFN-g (Fig. 6a) from cells of all ®ve donors tested (P < 0´05). In addition, anti-IL-12 enhanced production of IL-5 (Fig. 6b) from cells of the same donors (P < 0´05). It is interesting that the presence of this antibody during the primary stimulation of PBL from donors, who normally did not produce IL-5, induced the secretion of this cytokine, showing the importance of IL-12 in the generation of different Th responses.
DISCUSSION
The results of an in vitro priming system have been shown to correlate with in vivo responses in murine leishmaniasis [3] . Here we have succeeded in generating a system in which autologous infected macrophages serve as APC for priming PBL from normal human donors. This IV approach allowed us to examine interactions that occur between infected APC and PBL. Such interactions may in¯uence the overall response to infection with Leishmania and therefore the outcome of disease. These studies are not possible using cells from patients with leishmaniasis since it is impossible to determine when the patient became infected with the parasite.
We analysed the ability of three different Leishmania parasites to prime T cells in the IV system: dhfr-ts À , CC1 and L. major (strain LV39). Although dhfr-ts À was engulfed by macrophages, it did not replicate inside the cells (Fig. 2) . Interestingly, despite the fact dhfr-ts À did not replicate in macrophages, it elicited the same type of immune response (potentially protective IFN-g with little IL-5) as did CC1 and LV39 (Fig. 3) . Thus, since dhfr-ts À is avirulent but it induces a protective immune response, it may be an acceptable vaccine candidate for human use.
Evaluating cytokine production (IFN-g and IL-5) in response to stimulation with parasite-infected macrophages, we observed that most donors elicited a Th1 or Th0 phenotype. Of 10 donors tested, six showed a Th1 pro®le, three Th0 and one was considered a non-secretor. Similar results were obtained by Russo et al. [8] , who developed an in vitro system to study early responses from unexposed individuals to L. amazonensis infection. The authors obtained different cell lines from different donors and veri®ed that most of them could be classi®ed as Th1 or Th0 responders. Therefore, independent of the Leishmania used, human cells produce a similar cytokine pro®le.
Subauste et al. [9] , studying the responses from unexposed individuals to Toxoplasma gondii infection in an in vitro model, observed an intense proliferation of CD4 ab T cells, and these cells also secreted a signi®cant amount of IFN-g. Therefore, this rapid T cell response may play an important role in the early response to intracellular parasites. Indeed, recent work by Launois et al. [10] showed that very large amounts of cytokines (IL-4 in their work) are secreted by mouse ab T cells within the ®rst 16 h after infection with L. major. Finally, the results obtained in our experiments concerning the production of IFN-g and IL-5 are similar to those observed in leishmaniasis patients; most of the patients with self-healing cutaneous leishmaniasis show strong Th1 responses [2, 11] or, early in the infection, a Th0 pattern [12] .
The Th1±Th2 dichotomy is probably in¯uenced by the cytokines produced in the very early stages of Leishmania survival inside the macrophage. Upon entry into human macrophages, Leishmania induce contrasting signals leading to the production of tumour necrosis factor-alpha (TNF-a), which leads to macrophage activation, or to the production of transforming growth factor-beta (TGF-b) or IL-10, which are linked to macrophage deactivation and inhibition of IFN-g [13, 14] . The in¯uence of IFN-g produced by natural killer (NK) cells, which may depend on IL-12, is also involved in initial Th1 development [15] . Initial survival of Leishmania inside the macrophage probably depends on which of these or similar cytokines predominate in the microenvironment of infection. Our IV model allows study of these early events after phagocytosis of Leishmania by macrophages as well as modulation of immune responses through the addition of cytokines and anti-cytokines.
IL-12 has received a great deal of attention in leishmaniasis. The cytokine is produced following infection of mice with L. major [16, 17] and it is important to control Th2 expansion and to promote the predominance of a Th1-type response [18±20]. In addition, treatment of susceptible mice with IL-12 renders them resistant [19, 21, 22] . Moreover, IL-12 has been used as an effective adjuvant for a killed vaccine for L. major [23] . In contrast to these in vivo results, L. major inhibits IL-12 production by infected murine macrophages in vitro [17, 24] . Similar to these studies in mice, we could not detect secretion of IL-12 by L. major-infected macrophages, suggesting that the parasites do not induce the production of this cytokine by human macrophages. Interestingly, however, the addition of autologous PBL to infected macrophage cultures resulted in detectable production of IL-12 (Fig. 4) . This suggests that signals delivered by the PBL, such as CD40±CD40L [25] , might be important in the up-regulation of IL-12 production by human macrophages infected with L. major. It should be mentioned that in contrast to the results of this study with L. major, Russo et al. [8] observed IL-12 secretion by L. amazonensisinfected macrophages after 96 h of infection. This apparent difference could be explained by the use of different strains of Leishmania; the progression of infection by L. amazonensis in mice has been shown to be distinct from L. major [26] .
Studies in human leishmaniasis con®rm the relevant roles of IFN-g and IL-12 as the major cytokines involved in host protection [1] . Therefore, studying the effects of IL-12 and anti-IL-12 in our IV system was important to understand the development of Leishmania-speci®c Th1 responses. As depicted in Fig. 5 , IL-12 completely abrogated Th2 responses, increasing signi®cantly the secretion of IFN-g and abolishing the production of IL-5 by cells from the donors stimulated with Leishmania-infected macrophages. On the other hand, the presence of anti-IL-12 during the IV promoted a Th2 response, with a signi®cant decrease in IFN-g production and an increase in IL-5 (Fig. 6) , showing the important role of IL-12 in the differentiation of human Th1 and Th2 responses. Therefore, the vaccine potential of dhfr-ts À for leishmaniasis may be further enhanced by transfecting the parasite with cytokine genes (e.g. IL-12) which favour the development of Th1 responses.
